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Summary of Research .

The major goals of this research are to generate a deep under-
standing of communication channels and sources and to use this
understanding in the development of reliable, efficient communication

techniques.

1. Convolutional Codes and Their Decoding Techniques

Further results have been achieved in the error performance
possible with systematic convolutional codes. It was shown earlier
by Yudkin(l) that an error probability Pes ekp—NECV(R) could be
achieved with non-systematic codes. In this expression N is the code
constraint length in channel digits, R is the code rate, and Ecv(R)
is a function of the rate which is considerably larger than the

(2)

~corresponding exponent for block codes. The new results show that
the same expression is valid for a systematic code if N is taken as
1+Lm where L is the constraint length in information symbols and m is
the number of check digits per information symbol (for the nonsystem-
atic code, N would be (m+l)L). Work is progressing to find out if
the same result .s valid for sequential decoding and if an analogous
result holds when different check digits have different constraint
lengths. These questions are relevant in studies of how to ameliorate
the effect of error propagation in sequential decoding.

The technique of semidefinite decoding, proposed by one of
the investigators as a method of making partial use of previous
| decoding decisions in a way that avoids the possibility of infinite
propagation of a decoding error, has been simulated for a binary
symmetric .channel by L. A. Frasco(3). The simulation showed that for
the classes of codes studied; namely the uniform codes, the self~

ortaogonal codes, and the Massey trial-and-error codes; the average




decoding error probability was essentially a monotonically decreasing
function of the number of semidefinite decoding stages. This prob-
ability approaches its minimum as the semidefinite decoder approaches
the conventional feedback decoder. This simulation suggests the
general optimality of feedback decoding for a wide class of codes and
channels and the possible use of the concept of semidefinite decoding
as an analytical tool to establish this optimality.

Research has continued into the general study of error
propagation in decoding convolutional codes. It has been found that
classes of convolutional codes exist with particularly masty error
propagation characteristics. In particular, thefe exist classes of
codes which are nearly optimal from the point of view of error corxr-
ection in the absence of past decoding errors that can be driven into
a propagation condition by a bad "burst” of channel noise and will
continue in the propagation condition until driven therefrom by another
bad "burst" of channel noise. Study of these codes has led to the
formalization of the concept of "pseudo-linearity" for convolutional ,
decoders. This concept has proved useful in studying error propagation.

In connection with the investigation of error -propagation,
research was undertaken into the characteristics of definite decoding,
i.e. of decoding convolutional codes without making any use of past
decoding decisions. Success has been achieved in showing that there
exist fixed codes of rate R = % such that the ratio of definite.
decoding minimum distance to constraint length is at least .034.

This result was established using Gilbert-bound type arguments by

R. W. Kolor(4). Codes with this distance-constraint-length-ratio
property were known to exist previously only for the impractical time-
varying convolutional codés and only for rates less than R =% .

W. Wilder has completed the task of proving a Plotkin-type
upper bound for convolutional codes over an arbitrary finite field

(5)

and with arbitrary code rates . His result shows further that the
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same upper bound applies to the class of nonlinecar tree codes known
as "complementary codes". Several classes of codes that meet the

bound with equality have also been derived.

2. Decoding BCH Codes

2An investigation has been'made into algebraic methods for
decoding the Dose—Chaudhﬁri—Hocquenghem (BCH) codes. It was first
realized that the major problem in decoding the BCH codes, namely
the solution for the error locations from the weignted power sum
symmetric functions, is formally eguivalent to a problem of shift-
register synthesis, i.ef finding the shortest linear feedback—-shift~
register (FSR) that can generate a specified sequence of digits.
An FSR synthesis algorithm was ceveloped which solves this problem
in a simple and effective manner(G). When considered as a decoding
procedure for the BCH codes, the FSR synthesis algorithm becomes ess-

W(7)

entially the same as the Berlekaxp "iterative algorithm , differing
only by elimination of one minor test required in the latter. The
FSR synthesis approach casts a new intuitive light into this latter
procedure and also seems well adapted to certain other problems in
automata. minimization and redundancy reduction for data sources.
3. Optical Communciation Channels

The investigation of optical channels from the vantage
point of information and detection theory has continued to focus
upon the effects of atmospheric turbulence. Experimental studies of
atmospheric propaéétion have continued(S). Also, a channel model
applicable to "focused beams" has been developed beyond the point
necessary for a communication analysis(g).

We have begun to shift our emphasis from the development of
channel mcdels to the study of these models. Our principal conclusions
thus £far have been that, subject to some reascnable constraints, the

presence of cimospheric. turbulence does not reduce the channel capacity

X
that would exist in its absence and that, to be efficient, a receiver
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must expLoit the spati ersity that is contained within the
. \.0) .
receiver aperiurlc. An analytical development of reasonably
simple receivers wihlch exploic this cdiversity is now in progress.
Tirzee cGoctoral level iavestigations have reached the

proposal stage during the past six mcntiis. One of these is concerned

with the application of estimation thoory to the problem of high

Preliminary results suggest that significant gains can be realized
throuch the data processing techniques suggested by estimation theory
The secoad Investigation pertains to the fundamental limitations upon
the transmission of iniormation by combined temporal and spatial
modulation, e.g. By a sequence of "imageé." Of particular concern is
the interplay between time, bandwidth, aperture size, and background
noise(iz). The remaining investigation is directed towards a fund-
amental examination of the role of quantum theory in communication
theory(l3); 'The central issue in this investigation is the determin-
ation of the limitations imposed upon reliable communication by quantum
effects and a determination of the receivers & waveforms which attain

these limitse.

4. Coding Theorems : D

A Ph.D. thesis on the topic of parallel channelswith no
crosstalk but with statistically dependent noise hasb&n completed(l4).
Major results coacerned the adequacy of state models for such channels,
the determinacion of capacity, and the establishment of a coding
theorem. Particular attention was given to the asymptatlc behavior
of the error exponent in the limit of a large number of parallel
channels all in the same state. The results are particula:ly apblic-

able to frecuency multiplexed systems using coding and subject to

Another Ph.D. thesis,on bandlimited fading dispersive channels,

{15)

ring completion . It has be@n found by numerical analysis
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that at rates close to the infinite bandwidth capacity, very large

(11

‘resolution astronomy (or surveillance) through the turbulent atmosphere.
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bandwidiths are recuired %o approacnh trne infinite bandwidth exponent,
but as the rete is decreased, wnc »naniwlidth reguired to approach the
inZinite Dandwidth exoonent is reduced to cuite rcasonable values.
It has also been found thet the crror probability exponent is maximized
by using a finite (and often very smal.l) nunber of amplituce levels.
This is, o course, useful in the instzumentation of coding techniques
for such channels. '

A third Ph.D. thesis nearing completion is on the topic
of Coding Theorems for Unsynchronized Noisy Channels(l6). It has been
found that at data rates close tc capacity the lack of synchronization
does notc effect the errocr oprowvability exoonent. For sufficiently
symmetric channels the exponent without synchronization is equal to
the exponent with synchronization at all rates, although at low rates
the set of code words used in cne freme must depend on the Set used ’
in the previous frame. Some unsynchronized minimum distance bounds
are establisﬁed for binary cpdes which generalize earlier work on.’
comma free codes.

Finally a general coding theorem on channels with memory

i

nhas been developed.

5. ©Source Coding with a Distortion dMeasure
A number of results habe been established concerning the
relationship of fixed length to variable length source codes subject

-
g
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to & distortion measure. The -distinction is important where the
distortion measure takes on infinite values. Physically, an infinite
tortion is used in cases where one wants to limit both average
distortion and peak distortion. Other results concern source coding

technigues and the behavior of gquantizers in source coding.

1




6. Codes =nd Automata
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Some studvy nas been made of connections between resu
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in coding thacory anl those ol auctomata theory Cyclic codes an

. convo.uticnal codec respectively have zeen related o the zero-input

and zero=-staite roopoase raspectlivelv of linear automata. The notions
of state-cbservebility and stace COJESO*lablli in automata has
4 - (Y
. . , \19)
been,reclated to burst-correcting con wwolilutional codes .



(2)

(3)

(4)

{7)

(8)

~—~
WO
~

P
'—J
(@]

-

{12)

Atmcsphers as an Optical Communicz:

nt T
En ' LDy Ty = ; OO
R.LeEe G2R 4 6‘7 guly 15, 1¢5

Yudkin, H., "Charnel State Testing in Information Decoding",

£h.D. thesis, Dept. Of E.E., M.I.7., Sept. 1564.

2ucher, B., "&n Exponential Sound con the Probability of Error-
fecr a Systematic Convolutional Code", Unpullished manuscript.
“rasco, LA, 2nalveis and Simulocion of SemiwDe fir L ta Dacoding"
Conise Vi s.ke Whesils, ¥.I1.0., Cambridcge, Mass., May 19, 1¢67.

Xolor, R. W., "A Gilbert Bound for Convolucx tional Codes", Course VI,
S.M. Thesis, M.I.T., June 1S67.

nsion oI Zlcikin 2ound to Nonlinear Codes",
sis, M.I.%., Cuiy 1987.

Yassey, J. L., "Shifc-Register S]; ~resis and 3CH Decoding"
Feb. 12, 1557, sitbmitted to IEEEZ Transactions on Informatlon

Theory.

E.R., ‘Nornbirary 2CI Decoders", to_be given at

A.A.M. Saleh, "An Investication of Laser Wave Depolarization
by Atmospheric Transmission,® 167 IEZE Conference on Laser
Engineering and Applications.

X. S. Kennedy and E.V. Hoversten, "Cptical Prop agation through
u i sphere, " R.L.E., QPR %84, Ja ry 15, 1967,

R.8.Xennedv and E.V. Hoversten, “0Oa the Re. oll'“j of the
on Channel To be presented
the IZEE International Symposium on Information Theory

Athens, ureece, Sept. 1967.

V. Mo.con, "Cptical Image Estimation in a Turbulent Atmosphere, "
to be publisned in R.L.E. QPR #so, July 15, 1967.

R. Greenspaon, "Infsrmation Transaiission via Spatial Modulation
of Waveliorms," Lo be published in R.L.E. QPR %85, July 15, 1967.

~

un Communication Eystems," to be published in
= -3
{

hout Crosstalk,"” Ph.D. Thesis,

9,

ernatiocnal Symposium on Information Theory, Athens, Greece,
-

67



,_ L]

~.

~~

~~
et
O
-~ -

b P U [ 1 S B ~

. . L e R L PR ] . ~ “"
icntero, Yoo, TComnonlcation Cver Fading Dispersive Channels,
— P A, S e - A . ey i - ol
CilieDe LCLlLB, SLie TL D30, L.lude, PO pe submitted.
T - - - - " 3 o 3
Chose Vi sy Cahznnels witihh no Apriori
T e et et e R - - Stea T e e e 1 P - F RNV - F~ A )
—Tda el D LSOO Lol [ POV Y .:a.\:b.&.b, DepL. O.L P N [}

. - olier]
Mae e ey [ M IRIEY BV Y

SRR N YA COI NI S of PP

L plscrete wime Sheanels
CO L@ givea at ohe IDER IntcrnatLon 1l Symposium
2 S '

2inikscon, John, “Some Azplicztions of Rate Distorition Theory, "
Sc D. '3;315, Jep L 2.3, el oW to e subnitted; Also

o
and Certain Fidelity Criteria,"

" M = =
Mil.Te, R.LuBe C2R

2388V, Uele, 204G meX. Saln, “Ccdes, Automata, and Continruous
Svatenms: SZxpliicit acoic “arca 30, 1967, submitted
o LSG7 icaptive REY: National Electronics
Conierence, Cctocoer L9o7.




